Background: Angiotensin II is elevated in cachexia and induces skeletal muscle atrophy. Results: Angiotensin inhibits muscle stem (satellite) cell proliferation via a Notch-dependent mechanism and depletes the satellite cell pool. Conclusion: Angiotensin prevents skeletal muscle regeneration by suppressing satellite cell function. Significance: This is the first report to show that satellite cells express angiotensin receptors and that angiotensin inhibits regeneration.
Cachexia is a serious complication of many chronic diseases, such as congestive heart failure (CHF) and chronic kidney disease (CKD). Although patients with advanced CHF or CKD often have increased angiotensin II (Ang II) levels and cachexia and Ang II causes skeletal muscle wasting in rodents, the potential effects of Ang II on muscle regeneration are unknown. Muscle regeneration is highly dependent on the ability of a pool of muscle stem cells (satellite cells) to proliferate and to repair damaged myofibers or form new myofibers. Here we show that Ang II reduced skeletal muscle regeneration via inhibition of satellite cell (SC) proliferation. Ang II reduced the number of regenerating myofibers and decreased expression of SC proliferation/differentiation markers (MyoD, myogenin, and activeNotch) after cardiotoxin-induced muscle injury in vivo and in SCs cultured in vitro. Ang II depleted the basal pool of SCs, as detected in Myf5 nLacZ/؉ mice and by FACS sorting, and this effect was inhibited by Ang II AT1 receptor (AT1R) blockade and in AT1aR-null mice. AT1R was highly expressed in SCs, and Notch activation abrogated the AT1R-mediated antiproliferative effect of Ang II in cultured SCs. In mice that developed CHF postmyocardial infarction, there was skeletal muscle wasting and reduced SC numbers that were inhibited by AT1R blockade. Ang II inhibition of skeletal muscle regeneration via AT1 receptor-dependent suppression of SC Notch and MyoD signaling and proliferation is likely to play an important role in mechanisms leading to cachexia in chronic disease states such as CHF and CKD.
Cachexia is typically associated with chronic diseases such as cancer, chronic obstructive pulmonary disease, congestive heart failure (CHF), 2 chronic kidney disease, and chronic infections, and it independently worsens outcome (1) . Mechanisms are complex and can include anorexia, increased cytokines, insulin resistance, and accelerated muscle protein breakdown (2) . There is increasing evidence that angiotensin II (Ang II), the main effector molecule of the renin-angiotensin system, may play an important role in triggering cachexia. Thus, patients with advanced CHF and chronic kidney disease often have elevated circulating Ang II, and treatment with an angiotensinconverting enzyme inhibitor can reduce weight loss (3) . There is also interest in the potential role of Ang II in cachexia associated with cancer and chronic obstructive pulmonary disease (4, 5) . We have shown that Ang II infusion in rodents decreased body weight through a reduction in appetite and a loss of muscle weight (6 -13) . In these animals, Ang II disrupted insulinlike growth factor 1 (IGF-1) signaling, resulting in increased muscle protein degradation and apoptosis (6 -8) . However, it remains unknown whether normal skeletal muscle regenerative responses occur in the setting of Ang II-induced muscle catabolism and wasting. In fact, little is known about the regenerative potential of skeletal muscle in chronic wasting conditions other than that it clearly appears insufficient to sustain normal muscle mass.
Muscle regeneration has been studied using animal models such as the cardiotoxin (CTX)-induced injury model (14) . Injury leads to activation and proliferation of mitotically quiescent mononuclear cells, satellite cells, which form myoblasts, differentiate terminally, and fuse to form multinucleated myotubes (15) . In adult skeletal muscle, satellite cell number and regenerative capacity remain nearly constant through multiple cycles of regeneration (16, 17) . However, there is a depletion of satellite cell number and a decline of muscle tissue regeneration with age (18, 19) . In aged satellite cells, the proliferative potential declines because of decreased activation of the Notch pathway and increased TGF-␤ signaling (20) . Increased TGF-␤ signaling is also implicated in the myopathy and reduced skeletal muscle regeneration that occurs in fibrillin 1 heterozygous mutant mice and in dystrophin-deficient mdx mice (21) . Blockade of angiotensin type 1 receptor (AT1R) signaling suppressed TGF-␤ signaling and improved muscle regeneration and function in these mice (21) . Although this report suggests a relation between Ang II and myopathy, the potential direct effects of Ang II on muscle regenerative capacity and mechanisms involved remain unknown. Assessment of the direct effects of Ang II is important because adult skeletal muscle expresses low levels of Ang II receptors (22) , and many of the effects of Ang II on adult skeletal muscle are thought to be indirect via intermediate cytokines (8, 22) . Here we report that Ang II acts directly via AT1R expressed on satellite cells to prevent their proliferation, which results in attenuated skeletal muscle regeneration.
EXPERIMENTAL PROCEDURES
Animals-Animal protocols were approved by the Institutional Animal Care and Use Committee at Tulane University. 8-to 10-week-old male C57BL/6 mice (Charles River Laboratories, Inc.), AT1aR
Ϫ/Ϫ (B6.129P2-Agtr1a tm1Unc /J, The Jackson Laboratory) and Myf5 nLacZ/ϩ , were used in this study. Ang II (1.5 g/kg/min via osmotic minipumps) and candesartan (10 mg/kg/day via drinking water) were administered as described previously (9, 10) . CTX was injected as described previously (14) .
Flow Cytometry-For the quantification of CD45
ϩ satellite cells, mononuclear cells were collected as described previously (23), followed by FACS sorting on the basis of cell surface marker expressions. Briefly, hind limb (gastrocnemius, tibialis anterior, soleus, and extensor digitorum longus) muscles were harvested, minced, and digested with 2 mg/ml collagenase type IV (Worthington) and 1.2 units/ml dispase for 45 min at 37°C. After filtration and washing, 1 ϫ 10 5 cells were used for staining. Antibodies used for flow cytometry included anti-mouse CD45 (clone 30-F11, APC conjugate, eBioscience, 1:1600), anti-mouse Sca-1 (clone D7, APC conjugate, eBioscience, 1:800), anti-mouse CD11b (clone M1/70, APC-conjugate, eBioscience, 1:800), anti-mouse CD31 (clone MEC 13.3, APC-conjugate, BD Biosciences, 1:200), anti-mouse CD34 (clone RAM34, PE-conjugate or Alexa Fluor 700 conjugate, BD Biosciences or eBioscience, respectively, 1:50), anti-mouse integrin␣7 (clone 3C12, FITC conjugate, MBL, 1:20), and anti-mouse AT1R (rabbit polyclonal, Alomone Labs, 1:100).
Myofiber Explant and Primary Satellite Cell Culture-Single myofibers and satellite cells were collected as described previously (24, 25) . Briefly, hind limb muscles (gastrocnemius, soleus, tibialis anterior, and extensor digitorum longus) were incubated with 0.2% (w/v) collagenase type II in DMEM and 10% horse serum for 2 h at 37°C. Digested muscles were dissociated by triturating with a Pasteur pipette, washed, and further digested with 1 units/ml dispase for 1 h at 37°C. Cells were filtered, washed, and incubated in proliferation medium (DMEM supplemented with 20% FBS (Mediatech), 10% horse serum, 2% chicken embryo extract (US Biological), 1 mM sodium pyruvate, 2 mM L-glutamine, and penicillin/streptomycin) for 40 min to let the fibroblasts attach onto the plate, and unattached cells were plated onto Matrigel-coated plates in the proliferation medium at the density of 1 ϫ 10 4 cells/cm 2 . Measurement of Cell Proliferation, Viability, and ApoptosisSatellite cells were collected as described above and plated on Matrigel-coated 96-well plates in the proliferation medium. Cell proliferation, cell viability, and caspase 3/7 activity were measured after 24 h. For the cell proliferation analysis, Ang II (10 -1000 nM), candesartan (AstraZeneca, 100 nM), and antiNotch antibody (Millipore, 1:300) were added in culture together with BrdU (10 M) and incubated for 24 h. BrdU incorporation was measured using a BrdU cell proliferation ELISA kit (Roche) according to the instructions of the manufacturer. Cell viability and caspase 3/7 were measured using a CellTiter-Glo luminescent cell viability assay (Promega) and Caspase-Glo 3/7 assay (Promega), respectively, in the presence of Ang II (10 -1000 nM) according to the instructions of the manufacturer.
Quantitative RT-PCR-Quantitative RT-PCR was performed as described previously (9), and PCR primers used in this study were obtained commercially (SABiosciences, PPM33632F for Pax7, PPM04482A for MyoD, PPM04482A for myogenin, PPM41610F for eMyHC, PPM41621B for Myh1, PPM05162A for AT1aR, PPM31347C for AT1bR, PPM04811A for AT2R, PPM02991B for TGF-␤, and PPM03559F for Hprt). Left Anterior Descending (LAD) Artery Ligation-Progressive cardiac dysfunction was induced by ligation of the left coronary artery as described previously (26) . Sham-operated animals underwent the same procedure without ligation of the coronary artery. All mice underwent echocardiography and were euthanized after 6 weeks.
RESULTS

Ang II Reduces Skeletal Muscle Regeneration-Although
Ang II causes skeletal muscle atrophy (6 -13), we have observed very few actively regenerating myofibers with centralized nuclei after Ang II infusion. To determine whether Ang II reduced muscle repair, we analyzed the effect of Ang II on CTX-induced skeletal muscle regeneration (Fig. 1 ). There was a robust increase in the number of regenerating myofibers in CTX-injected gastrocnemius muscles on d5 and 7, which was markedly attenuated by Ang II (Fig. 1 , A-C). Ang II reduced the crosssectional area of regenerating myofibers on d7 (this could also reflect the atrophic effect of Ang II, Fig. 1D ) and decreased muscle weight (Fig. 1E ). Consistent with a previous report (14) , a number of myogenic transcription factors were up-regulated after CTX injury. Pax7, MyoD, and myogenin mRNA expression reached a maximal level on d3, and Ang II significantly attenuated their increase ( Fig. 1, F-H ). Embryonic myosin heavy chain (eMyHC) reached a maximal level on d5 and was also suppressed by Ang II (Fig. 1I ). These data strongly suggest that Ang II inhibits activation and/or proliferation of satellite cells, resulting in decreased skeletal muscle regeneration. There was a marked decrease of angiotensin type 1a receptor (AT1aR) mRNA expression 3 days after CTX injection, and Ang II further suppressed AT1aR expression throughout the experiment. In contrast, angiotensin type 2 receptor (AT2R) gene expression increased after CTX injection and reached a maximal level on d5, and Ang II significantly suppressed the increase at d3, with a trend to suppression on d5 (p ϭ 0.15).
Ang II Depletes the Satellite Cell Pool-The data in Fig. 1 strongly suggest that Ang II prevents skeletal muscle regeneration via suppression of the satellite cell regenerative capacity. It has been shown that the total number of quiescent satellite cells remains constant over repeated cycles of degeneration and regeneration via a process of self-renewal (16, 17) and that the maintenance of satellite cell number is critical for the normal function of skeletal muscle (19) . We used X-gal staining to quantify the satellite cell number in sham-infused and Ang IIinfused Myf5 nLacZ/ϩ mice, in which the ␤-gal gene is knocked into the Myf5 locus (27) (Fig. 2A) . Approximately 3-4% of total nuclei were positive for ␤-gal, and there was a 39.4% and 37.1% reduction of the ␤-gal ϩ cell number in gastrocnemius and tibialis anterior muscles after 7 days of Ang II infusion, respectively, suggesting that Ang II prevents skeletal muscle regeneration through depletion of satellite cells (Fig. 2, B and C) . The ␤-gal ϩ cell number was also quantified per myofiber CSA and per myofiber number, and all of these data showed a similar reduction (39.4% reduction by DAPI count, 33.2% reduction by CSA, and 43.4% reduction by myofiber number; p ϭ not significant), indicating that the reduction of the ␤-gal ϩ cell number was not caused by infiltration of inflammatory cells or by reduced myofiber CSA. We also analyzed the satellite cell number using flow cytometry to detect cells expressing a combination of markers useful for prospective isolation of satellite cells, namely, CD45 Fig. 2D ) (17) . Consistent with the data obtained from Myf5 nLacZ/ϩ mice, there was a decrease in the number of CD45
ϩ cells in muscles from Ang II-infused C57BL/6 mice on d7 (Fig. 2E) , and this reduction was prevented completely by the AT1R blocker candesartan (E) or in angiotensin type 1a receptor-null (AT1aR Ϫ/Ϫ ) mice (F). These data indicate that Ang II depletes satellite cells through AT1R-mediated signaling.
Differentiation-dependent Ang II Receptor Expression in Sat-
ellite Cells-We have shown previously that skeletal muscle and cultured myocytes do not express significant levels of AT1R (22) . Thus, Ang II-induced skeletal muscle atrophy results, in large part, from indirect effects mediated via increased glucocorticoids (8), interleukin 6, and serum amyloid A (22) rather than from direct effects of Ang II on myofibers. However, it is not known whether the satellite cell population expresses Ang II receptors. To determine the potential expression of Ang II receptors in satellite cells and to test the hypoth- esis that Ang II regulates satellite cell number via direct AT1R-mediated effects, we analyzed AT1R cell surface expression on
ϩ satellite cells and found that these cells express AT1R (Fig. 3A) . Immunohistochemical staining of intact myofibers cultured for 2 days indicated colocalization of AT1R with the satellite cell marker MyoD (Fig. 3B) and with ␤-gal (in myofibers from
Myf5
nLacZ/ϩ mice, C). We also analyzed Ang II receptor mRNA levels by quantitative RT-PCR in FACS-sorted CD45
ϩ satellite cells, and thereafter, these cells were cultured and induced to differentiate for 48 h. Expression of the satellite cell marker Pax7 was significantly higher, and expression of adult MyHC (Myh1) was much lower in these cells than in control gastrocnemius mus- 
(C). D-I, quantitative RT-PCR analysis of Pax7 (D), Myh1 (E), eMyHC (F), AT1aR (G), AT1bR (H), and AT2R (I) in gastrocnemius muscle (GM), FACS-sorted CD45
Ϫ /Sca-1
. n ϭ 5, data are mean Ϯ S.E. **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significant.
cle, indicating efficient enrichment of the satellite cell population with no presence of muscle debris (Fig. 3, D and E) . The expression of AT1aR and AT1bR was significantly higher in satellite cells compared with whole gastrocnemius muscle. Both AT1aR and AT1bR expression decreased after satellite cells were induced to differentiate, consistent with the low expression in whole gastrocnemius muscle. Although AT2R expression was not detectable in satellite cells, it increased robustly after these cells were induced to differentiate (Fig. 3I) . The increased expression of AT2R was associated with abundant expression of eMyHC in differentiating satellite cells (Fig.  3F) . Taken together, these data indicate that satellite cells express much higher levels of AT1R compared with mature myofibers and that AT2R is expressed primarily in differentiating satellite cell progenies.
Ang II Regulates Cell Cycle Protein and Reduces Satellite Cell Proliferation via a Notch-dependent Pathway-
To determine the effect of Ang II on satellite cell activation and/or proliferation, we analyzed satellite cell marker expression both in vivo and in vitro and satellite cell proliferative activity in vitro. Satellite cells can be collected with high efficiency by collagenase II and dispase digestion from hind limb muscles (24) . 95.3 and 74.1% of satellite cells collected using this method expressed Pax7 and MyoD after 24 h of culture, respectively. Also, the formation of myotubes after induction of differentiation was confirmed with desmin and eMyHC staining. Satellite cells were collected from hind limb muscles after CTX injection, and Ang II infusion on d1-7, proliferation/differentiation marker, and cell cycle regulator expression were analyzed by immunoblotting (Fig. 4A) . MyoD, active-Notch (Notch signaling plays an important role in satellite cell proliferation (24, 25) ), M-cadherin, and myogenin expression reached a maximal level 3 days after CTX injection, which is consistent with a previous report (14, 25, 28) and with our whole-muscle quantitative RT-PCR data (Fig. 1, F-I) , and Ang II infusion significantly suppressed expression of these markers. There was a significant decrease in levels of the chronic kidney disease inhibitors p27, p57, and p16 after CTX injection, which is consistent with a previous report (20) . Although Ang II had little effect on chronic kidney disease inhibitors in the presence of CTX, there was an increase of p16 and a decrease of p57 after Ang II infusion in muscles not injected with CTX. Cyclin D1 and cyclin E expression and phosphorylation of retinoblastoma protein were increased after CTX injection, and Ang II suppressed their increase. To analyze potential direct effects of Ang II on satellite cell proliferation and/or viability, we treated cultured satellite cells with Ang II in vitro. Satellite cells were activated spontaneously and started proliferating in our culture conditions. MyoD, active-Notch, and M-cadherin expression increased 24 -48 h after initiation of the culture, whereas myogenin expression was not detected until 96 h (Fig. 4B) . In the presence of Ang II (10 -1000 nM), MyoD, active-Notch, and M-cadherin expression were suppressed significantly at 48 h, consistent with Ang II-mediated inhibition of satellite cell activation/proliferation. Cell proliferation was measured by BrdU incorporation, and results indicated that Ang II dose-dependently suppressed satellite cell proliferation and that candesartan blocked this effect, consistent with an AT1R-mediated effect (Fig. 4C) . On the other hand, Ang II had no effect on cell viability or activity of caspase 3/7 (Fig. 4, D and E) . Because we found that Ang II reduces active-Notch (Fig. 4, A and B) , we measured BrdU incorporation in satellite cells exposed to Ang II in the presence or absence of the activator of Notch signaling (Notch-1-specific antibody (24)) (Fig. 4F) . We found that Notch activation completely abrogated the inhibitory effect of Ang II on BrdU incorporation (Fig. 4F) , strongly suggesting that Ang II inhibits satellite cell proliferation via prevention of Notch activation.
Reduced Satellite Cell Number in an Animal Model of CHF-
Our findings that Ang II suppresses satellite cell proliferation and skeletal muscle regeneration suggest that, in conditions of high Ang II levels, such as CHF, a reduction in the satellite cell pool could blunt normal muscle regenerative responses and provide an additional mechanism together with the known proteolytic effect (7, 8) , whereby Ang II induces muscle wasting. To investigate this hypothesis and to corroborate our findings from the Ang II infusion model, we analyzed muscle wasting and satellite cell number in mice 6 weeks following LAD coronary artery ligation, an animal model of CHF in which plasma Ang II levels are increased (29, 30) . LAD artery ligation caused an increase in left ventricular end-systolic and end-diastolic diameters and a decrease in fractional shortening (FS) (Fig. 5,  A-D) . Consistent with a previous report (31) , LAD-ligated mice showed significantly lower gastrocnemius muscle weight after 6 weeks (Fig. 5E ). In these mice, the number of satellite cells (CD45 
in gastrocnemius muscle after 6 weeks of LAD ligation (% total cells). n ϭ 7-9, data are mean Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; ns, not significant.
artery ligation (Fig. 5F ). Candesartan administration blocked the reduction of gastrocnemius weight (Fig. 5E ) and the decrease in satellite cell number (F), whereas there is no protective effect on cardiac function (A-D). These data suggest that Ang II-mediated depletion of the satellite cell pool and inhibition of skeletal muscle regeneration contribute to mechanisms of muscle wasting in conditions of Ang II excess, such as CHF.
DISCUSSION
Here we show that systemic Ang II infusion significantly reduces satellite cell number (Fig. 2) and prevents CTX injuryinduced skeletal muscle regeneration (Fig. 1, A-E) . Ang II reduces satellite cell expression of MyoD, myogenin, M-cadherin, and active-Notch (Figs. 1, F-I, and 4A ) and inhibits satellite cell proliferation via an AT1R-and Notch-dependent mechanism (Fig. 4, B-F) . AT1R is highly expressed on satellite cells, but AT2R is expressed only after satellite cells are induced to differentiate in culture (Fig. 3 ). There is a marked reduction of AT1aR expression in hind limb muscles after CTX injection, followed by a robust increase of AT2R expression, consistent with a switch from AT1R-to AT2R-mediated signaling as satellite cells differentiate. Satellite cell number is also reduced in mice following LAD ligation. Importantly, the reduction in satellite cell number in Ang II-infused animals and LAD-ligated animals were both rescued by candesartan administration (Figs. 2E and 5F ). Although it is difficult to separate out the effect of Ang II on the satellite cell pool and its effect to reduce satellite cell proliferation and the relative contribution of each in vivo to the inhibition of regeneration, these data suggest that, in pathophysiological conditions of Ang II excess, normal muscle regenerative responses are blunted via an AT1R-mediated mechanism. It has been reported that AT1R blockers in LAD artery-ligated rodents have either no effect or modest effects on cardiac function (32) (33) (34) (35) . Our data indicate that there was no significant improvement in cardiac function in response to candesartan in our experimental setting (Fig. 5, A-D) , although the reduction of satellite cell number was prevented. This suggests that the ability of candesartan to inhibit the reduction of satellite cell number was likely not mediated via its effects on cardiac function.
Previous reports indicate that angiotensin-converting enzyme inhibitors impaired skeletal muscle growth following CTX-induced injury (36) and attenuated overload-induced skeletal muscle hypertrophy (37, 38) , suggesting that Ang II may be a positive regulator of muscle growth and regeneration. However, our data clearly show that Ang II prevents muscle regeneration as early as 3 days after injury, at which time there is reduced expression of MyoD and myogenin and attenuation of Notch activation (Figs. 1, F and G, and 4A) . Johnston et al. (36) reported that Ang II increased Myf5, MyoD, Pax7, cyclin D1, and AT1R mRNA levels in C2C12 cells but that these cells express very low levels of Ang II receptors (22) , and the dose of Ang II used in this study (10 M) was supraphysiological (39) . In our experimental setting, 100 nM Ang II was sufficient to reduce MyoD and myogenin expression, Notch activation, and satellite cell proliferation in vitro (Fig. 4B) . Discrepancies in results between Johnston et al. (36) and our study might also be explained by differences in methods to prepare primary myoblasts and/or length of cells in culture. We used a two-step enzymatic digestion method (17, 24) yielding a high enrichment of satellite cells (Ͼ 90%) and used these cells without further passage. Satellite cells cultured in vitro spontaneously start expressing myogenic transcription factors (Fig. 4B) , suggesting that the time point of analysis is critical to assess cell activation, proliferation, and differentiation. We have shown that myofibers and cultured myoblasts (C2C12 and L6 cells) express very low levels of Ang II receptors (22) and that Ang II wasting effects on skeletal muscle are mediated in significant part via intermediates such as glucocorticoids (8) , serum amyloid A, and interleukin-6 (IL-6) (22) . Although IL-6 is thought to promote satellite cell proliferation (40) , our data clearly show that the net effect of systemic Ang II increase in vivo is to reduce muscle regeneration. Importantly, our findings that SCs express high levels of AT1R and that Ang II reduced satellite cell proliferation in vitro strongly suggest that an increase in circulating Ang II suppresses muscle regeneration via direct effects on SCs, not via other intermediate factors as in the case of Ang II-induced muscle atrophy (22) .
The ability of skeletal muscle to regenerate diminishes and ultimately fails with advancing age, likely as a result of an agingassociated decline of satellite cell number (18, 19, 24, 41) . Aged satellite cells show less proliferative potential in response to injury or mitogenic stimulation (24) . On the basis of our finding that Ang II reduces the satellite cell pool and blunts muscle regeneration, one can speculate that Ang II effects may play a role in aging-associated reduction in muscle regenerative capacity. In aged skeletal muscle, there is constitutive activation of TGF-␤ and attenuation of Notch activation after injury. Inhibition of TGF-␤ signaling or activation of Notch rescues the aging-associated decline of muscle regeneration via suppression of chronic kidney disease inhibitors (20) , demonstrating that TGF-␤ and Notch are key age-related determinants of muscle regenerative potential. In vitro studies (42) have confirmed that TGF-␤ represses satellite cell proliferation and differentiation. However, the role played by the rapid increase of TGF-␤ expression after muscle injury (43, 44) in muscle regeneration is unclear. In our model, TGF-␤ mRNA levels were up-regulated on d3, consistent with previous reports (43, 44) . It seems unlikely that TGF-␤ is a critical determinant of MyoD and myogenin expression at this time point because TGF-␤ is known to inhibit their expression (45) . Nevertheless, it is interesting that Ang II suppressed CTX-induced TGF-␤ up-regulation. Future studies will be required to dissect the interaction of Ang II, TGF-␤, and Notch signaling in muscle regeneration. It has been shown that Numb, a repressor of Notch signaling, asymmetrically segregates to two daughter cells after satellite cell division and has an important role to balance self-renewal and differentiation (46) . Our data show that Numb expression is suppressed rapidly after CTX injection (as early as d1, Fig.  4A ), consistent with activation and commitment of satellite cells to proliferation. Ang II prevents this reduction of Numb and activation of Notch, suggesting that Ang II down-regulation of Notch signaling prevents satellite cell division and the production of differentiating myoblasts. Our finding that Notch activation reversed the Ang II-induced decrease in sat-ellite cell proliferation is consistent with this hypothesis (Fig.  4F) . Furthermore, up-regulation of cyclin D1 and cyclin E and phosphorylation of retinoblastoma protein after CTX injection (Fig. 4A) is consistent with the activation of cell division, and Ang II-mediated suppression of cyclins and phospho-retinoblastoma protein provides further evidence that Ang II suppresses satellite cell division in regenerating skeletal muscle. CTX injection caused a reduction of AT1aR expression on d3, coinciding with an increase of MyoD and myogenin expression and activation of Notch, suggesting that AT1R signaling may inhibit these myogenic pathways (Fig. 1, G and H) . On the other hand, the marked up-regulation in AT2R expression after CTX occurred after the reduction in AT1aR and coincided with eMyHC up-regulation (Fig. 1I) . Up-regulation of AT2R following injury was consistent with high expression of AT2R in differentiating satellite cells cultured in vitro (Fig. 3I) . It has been shown that AT2R signaling inhibits AT1R-mediated functions (47) . Thus, the expression patterns of AT1R and AT2R following CTX-induced injury and in satellite cells in culture suggest opposing roles of these receptors in muscle regeneration.
In summary, we show that Ang II acts via the AT1aR on satellite cells to prevent satellite cell proliferation by suppressing MyoD and Notch signaling, thereby inhibiting normal skeletal muscle regeneration. Our findings may have major implications for understanding mechanisms of cachexia and sarcopenia that occur in chronic disease states and with aging. Some studies (but not all (48)) have suggested that Ang II may play a role in reducing muscle mass and function in the elderly (49 -51) , and angiotensin-converting enzyme inhibitors are reported to reduce the risk of weight loss in patients with CHF. Although the mechanisms of sarcopenia and cachexia are undoubtedly complex (52) , the potential contribution of reduced muscle regenerative responses to functional impairment in patients with cachexia is very poorly understood. In patients with CHF and chronic kidney disease, there is a 2-to 5-fold increase in plasma Ang II levels, in many cases even in the presence of angiotensin-converting enzyme inhibitor therapy (53) (54) (55) (56) . Plasma Ang II levels increase about 3-fold in rats (29) and dogs (30) after LAD artery ligation, and infusion of 1 g/kg/ min Ang II yields a 3.2-fold increase in plasma Ang II (57) . Therefore, our use of a dose of 1.5 g/kg/min is consistent with the high Ang II levels seen in patients with CHF and chronic kidney disease, a population that has a high incidence of muscle wasting. Ang II-mediated inhibition of skeletal muscle regeneration may play a significant role in mechanisms of muscle wasting secondary to chronic diseases and aging.
